Background: The Benchmark (Penumbra, Alameda, CA) is a novel intracranial guide catheter that provides optimized proximal stability combined with a hyperflexible and atraumatic tip. We assessed the use of a biaxial catheter system consistent with the Benchmark and Marksman microcatheter for placement of a Pipeline embolization device (PED) for intracranial aneurysms. Methods: We reviewed consecutive patients with aneurysms undergoing Pipeline embolization for an aneurysm using the biaxial system from April to October 2015 at a major academic institution in the United States. Benchmark performance was measured by the number of 90 turns the catheter could safely cross. Landing and final positions of the Benchmark were recorded.
Introduction
Triaxial catheter systems are traditionally used for placement of Pipeline embolization devices for intracranial aneurysms (PED, Covidien-Ev3, Plymouth, MN) and frequently consist of a Flexor Shuttle sheath (Cook Medical, Bloomington, IN) or a Neuron MAX (Penumbra, Alameda, CA), a Navien distal intracranial catheter (Covidien-Ev3), and microcatheters such as the Marksman (Covidien-Ev3) or the XT-27 (Stryker, Kalamazoo, MI). [1] [2] [3] [4] Triaxial systems, however, add to the complexity and duration of the procedure. Stagnant blood flow in a triaxial system could result in thrombus formation and a higher rate of thromboembolic complications. Thus, we have recently changed our practice and used a biaxial system consistent with a Benchmark intracranial guide catheter (Penumbra) and a Marksman microcatheter for placement of PED.
The purpose of this manuscript was to assess the safety and efficacy of this biaxial approach.
Methods
We retrospectively reviewed a prospectively maintained database on consecutive patients with aneurysms undergoing Pipeline embolization for an aneurysm using a biaxial catheter system consistent with a 6F 0.071-inch inner diameter Benchmark intracranial guide catheter and a Marksman microcatheter from April to October 2015 at a major academic institution in the United States. The Benchmark is an advanced polymer construct with 10 material transitions and a hybrid of flat/round metal reinforcement. The design provides optimized proximal stability combined with a hyperflexible and atraumatic tip. Patient demographics, risk factors, aneurysm characteristics, and complications were recorded. Benchmark performance was measured by the number of 90 turns the catheter could safely cross. One point was assigned for each 90 turn the Benchmark crossed in either the cervical or intracranial internal carotid artery (ICA) or vertebral artery (VA) and points were added. Landing and final position of the guide catheter tip in the ICA and VA were graded as following: The ICA was subdivided into cervical, horizontal petrous, vertical cavernous, and distal cavernous segments (Figure 1(a) ). The VA was divided into V2, proximal V3, middle V3, and distal V3 segments (Figure 1(b) ). 5 
Results
A total of 26 Pipeline embolization procedures were performed in 25 patients (mean age 59.5 AE 10.3 years; male:female ¼ 1:4) between April to October 2015. One (4%) patient had multiple aneurysms. Smoking and hypertension were reported in 32% and 36% of patients, respectively. Eighteen aneurysms (69.2%) were located in the anterior and eight (30.8%) in the posterior circulation. The mean aneurysm size was 7.1 AE 5.6 mm. Morphologically, 80.8% of the aneurysms were saccular with the remainder fusiform or dissecting (Table 1) . Adequate PED coverage of the aneurysm neck was achieved in all cases the biaxial catheter system was used. In one case (3.8%) the biaxial system had to be substituted for the traditional triaxial system because of an inability to negotiate the V2 segment of the VA with the Benchmark intracranial guide catheter. The Benchmark was able to cross one 90 turn in 12 (48%) and two 90 turns in 10 (40%) of 25 patients. It crossed three 90 turns in two (8%) patients ( Table 2) . For interventions in the anterior circulation, the distribution of landing positions in the cervical, horizontal petrous ( Figure 2 ), vertical cavernous, and distal cavernous segments of the ICA was 22.2%, 38.9%, 38.9%, and 0%, respectively. For posterior circulation interventions, distribution landing positions in the V2, proximal V3, middle V3, and distal V3 segments of the VA were 0%, 42.8%, 28.6%, and 28.6%, respectively. Landing and final position of the Benchmark did not change in any of the cases (Table 3 ). Most Benchmark landing positions were safely achieved over a 0.035 Terumo stiff glidewire (Terumo, Somerset, NJ). When there was severe tortuosity, the Benchmark was parked proximal to the tortuous segment initially. After the Marksman catheter had been passed distal to the tortuous area and sufficient purchase achieved, the Benchmark was guided over the Marksman to its final landing position. There was one (3.8%) thromboembolic event and no arterial dissections. In the period from January 2014 to March 2015 and prior to adopting the biaxial system we encountered three thromboembolic events (6.4%), one (33.3%) clinically symptomatic, and one (2.1%) dissection, potentially related to the triaxial system in 47 PED procedures.
Discussion
Pipeline embolization of intracranial aneurysms is traditionally achieved using a triaxial catheter system. [1] [2] [3] [4] In an effort to decrease the complexity and duration of the procedure, we have recently changed our practice and preferred a biaxial system consistent with a Benchmark intracranial guide catheter and a Marksman microcatheter for Pipeline embolization of aneurysms. This approach proved to be safe and efficacious in 96.1% of patients. Adequate PED coverage of the aneurysm neck was achieved in all cases the biaxial system was used. In only one case did (3.8%) the biaxial system have to be substituted for a traditional triaxial system because of significant tortuosity of the VA origin and inability to negotiate the V2 segment of the VA with the Benchmark. There were no arterial dissections and only one thromboembolic event (3.8%) thought to be unrelated to the use of the biaxial system. In the period from January 2014 to March 2015 and prior to adopting the biaxial system we encountered three thromboembolic events (6.4%), one (33.3%) clinically symptomatic, and one (2.1%) dissection, potentially related to the triaxial system. To our knowledge this is the first report on the use of a biaxial system for Pipeline embolization of aneurysms. Safety and efficacy of neuroendovascular procedures are based on the foundation of catheter stability and guide catheter positioning in close proximity to the target. In cases of tortuous and redundant anatomy of the aortic arch and proximal extracranial carotid and vertebral systems and tortuous intracranial anatomy, triaxial systems have proven helpful in achieving that foundation. 6 Procedures in which triaxial systems are commonly used aside from aneurysm embolization include embolization of remote pedicles of arteriovenous malformations, thrombectomy for acute ischemic stroke, treatment of intracranial arteriosclerosic stenosis or vasospasm, and aspiration of intracranial venous sinus thrombosis. 6, 7 Triaxial systems, however, add to the complexity of the procedure and may be associated with embolic complications due to stagnation of blood flow. 8 The advent of novel guide catheters designed to provide stability proximally and navigability distally has significantly improved guide catheter access. [8] [9] [10] In the current study we were able to substitute the triaxial system traditionally used for Pipeline embolization for a biaxial system using the Benchmark. The Benchmark has been shown to provide safe access for a variety of neuroendovascular procedures. 5 Chandran et al. showed that the Benchmark safely crossed one, two, and three 90 turns in 19%, 45%, and 21% of cases. No thromboembolic event or arterial dissection occurred related to the Benchmark. We argue that the vertical petrous segment in Chandran et al.'s classification is a misnomer as the vertical segment of the ICA distal to the horizontal petrous segment is a portion of the cavernous ICA. Thus, we used the terms vertical cavernous and distal cavernous instead (Figure 1, Panel (a) ). Distal landing positions in the vertical cavernous and distal cavernous ICA, corresponding to vertical petrous and cavernous according to Chandran et al., 5 were reported more frequently than in our experience, presumably due to a need for more distal access in some of the conditions treated in the series reported by Chandran et al. 5 As all aneurysms treated with PED in our series were located proximal to the ICA bifurcation or in the proximal vertebrobasilar system, positioning of the guide catheter in the horizontal petrous or vertical cavernous ICA or V3 segment of the VA was sufficient. We also did not encounter any significant catheter reversal regardless of the landing position. In cases in which there was any indication of reversal of the Benchmark with advancement of the microcatheter, gentle forward pressure was applied to stabilize the Benchmark position. Some limitations include the retrospective design and lack of a true comparison group matched for aneurysm characteristics and access difficulty due to tortuosity. To definitively prove superiority of the biaxial system is challenging. In the period prior to adopting the biaxial system, we encountered a slightly higher rate of thromboembolic events and dissections, potentially related to the traditional triaxial system. Nevertheless, a biaxial system using the Benchmark is a safe and efficacious alternative to the conventional triaxial system used for PED placement.
Conclusion
Preliminary experience shows that a biaxial system using the Benchmark is a safe and efficacious alternative to the traditional triaxial guide catheter system for placement of PED and may reduce the complexity of the procedure. 
